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Nearly 30 years ago, two-photon interference was observed, marking the beginning of a new quantum era.
Indeed, two-photon interference has no classical analogue, giving it a distinct advantage for a range of ap-
plications. The peculiarities of quantum physics may now be used to our advantage to outperform classical
computations, securely communicate information, simulate highly complex physical systems and increase the
sensitivity of precise measurements. This separation from classical to quantum physics has motivated physicists
to study two-particle interference for both fermionic and bosonic quantum objects. So far, two-particle inter-
ference has been observed with massive particles, among others, such as electrons and atoms, in addition to
plasmons, demonstrating the extent of this effect to larger and more complex quantum systems. A wide array of
novel applications to this quantum effect is to be expected in the future. This review will thus cover the progress
and applications of two-photon (two-particle) interference over the last three decades.
I. INTRODUCTION
At the inception of quantum mechanics, a series of sem-
inal experiments were performed showing the superposition
principle. For instance, the double-slit experiment, with pho-
tons or electrons, demonstrates the interference of a single
particle with itself, revealing the “blurring” of the quantum
wavefunction prior to measurement. Such sort of experi-
ments open up fundamental and philosophical questions re-
garding the non-local (and contextual) nature of quantum
mechanics. Although, for the case of particles, superposi-
tion and interference remain counterintuitive and surprising,
when applied to classical waves, they become instinctive and
common [1]. Thus, quantum phenomena arising from the
wave-particle duality does not encapsulate the whole essence
of quantum weirdness. In the search for the “most” quan-
tum phenomenon, three groups—Hong-Ou-Mandel, Fearn-
Loudon, and Rarity-Tapster—independently investigated the
interference of “quantum paths”, all within a couple of years
during the late 1980s. As to the precise ordering of who
“discovered”—or rather more appropriately “clarified”—this
new effect first is perhaps only known to a few and the original
authors themselves; however, in the interest of being unbiased,
we recount here only the story of two-photon interference as
historically reported by the literature.
Beginning in early 1987, several theoretical papers were
published in quick succession which formulated the action
of the humble beam splitter in terms of quantum mechanics.
To start, Prasad, Scully, and Martienssen derived the unitary
transformation that couples the input mode set to the outgoing
transmitted and reflected mode set [2]. A brief comment is
made on the consequence of having a non-zero number state
in each input mode, stating that a highly correlated superposi-
tion of states is created, given by the different ways the total
number of input photons can be distributed between the two
output modes. Of interest is that a general formulation for
the transformed output state is given (in which two-photon
interference is embedded, but not mentioned), with a footnote
pertaining to private communication with Loudon, whose own
work on this subject was forthcoming as we will see.
Published two months later in the same journal, we find
a paper by Ou, Hong, and Mandel outlining how to express
the output of a beam splitter using the diagonal coherent state
representation [3]; in particular, they give the explicit example
of what happens when two photons, one horizontally and one
vertically polarized, are incident from different input ports.
Indeed, they note that, for a balanced beam splitter, the si-
multaneous detections at the two output ports behaves like
the singlet state for two orthogonally polarized photons, i.e., a
Bell state measurement, as we know it today. In tandem with
their theoretical work, we come to the (seminal) experimental
work by Hong, Ou, and Mandel demonstrating that this in-
terference of two identical photons at a beam splitter, shown
as the hallmark “dip” in coincidence detections at the output,
can be used to measure very short time intervals [4]. Barely
a month later, the work of Fearn and Loudon formulating the
action of a lossless beam splitter is published, presumably that
which was hinted at by Prasad, Scully, and Martienssen, look-
ing more rigorously into the physics through quantization in
terms of both the input and output mode contributions [5]. Fi-
nally, our last set of players who investigated this two-photon
interference effect around the same time as Hong-Ou-Mandel
and Fearn-Loudon are Rarity and Tapster. A conference paper
of theirs appears in a workshop book, outlining the nonclas-
sical effect in parametric downconversion [6], and later pub-
lished as a separate paper [7]. Much like Hong-Ou-Mandel,
Rarity and Tapster experimentally demonstrate two-photon in-
terference from parametric down conversion for the use of
subpicosecond measurements. Curiously, a two-photon inter-
ferometer was demonstrated in 1986 by Alley and Shih, as
noted in [8]; however, their results were published in 1988.
They performed correlation measurements on two identically
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2polarized photons that were superposed on a beam splitter, ob-
serving maximum and minimum coincidences for measure-
ments with parallel- and perpendicularly-aligned polarizers,
respectively.
No matter the historical details, two-photon interference -
popularly termed now as the Hong-Ou-Mandel (HOM) effect
- has been referred to as “the heart of quantum mechanics”
for being exquisitely quantum in nature, with absolutely no
analogue in classical physics. It is precisely this separation
from classical to quantum physics that gives two-photon in-
terference a distinct advantage to outperform classical com-
putations, securely communicate information, simulate highly
complex physical systems and increase the sensitivity of pre-
cise measurements. It has also motivated physicists to study
more generally two-particle interference for fermionic and
bosonic quantum objects, with successful experiments using
massive particles, among others, such as electrons and atoms,
in addition to plasmons, demonstrating the extent of this effect
to larger and more complex quantum systems. A wide array
of novel applications to this quantum effect is to be expected
in the future.
This review attempts to aggregate the most prevelant uses
of two-photon interference over the past three decades into
one coherent text. To be consistent with the present-day lit-
erature, we will simply refer to two-photon (particle) interfer-
ence as the HOM effect hereafter, or simply HOM for brevity.
We begin with the fundamental theory behind the HOM ef-
fect in an intuitive manner, along with the experimental con-
siderations. After this, the majority of the review details the
many uses of HOM in the optical domain: precise measure-
ments (as per the intention of the original experimental pa-
per), quantum state analysis/engineering, quantum communi-
cation/computation, and a generalization to multipartite and
multimode systems. Of course, the HOM effect is not limited
to photons, and thus we close the review with implementa-
tions in non-photonic systems, such as plasmons, phonons,
atoms and electrons.
A. Action of the Beam Splitter
The action of the beam splitter (BS) is at the heart of the
two-photon interference effect, providing the mixing between
the two input modes. Formally, it can be represented by a
unitary transformation, thus conserving energy and preserv-
ing orthogonality between input states. Although simple, the
BS is an essential building block of any linear optical quantum
information processing system. As a starting point for the the-
ory of the HOM effect, we establish the theoretical framework
describing the operational action of the BS.
A BS is an optical device with two input ports, labelled a
and b, and two output ports, labelled c and d, see Fig. 1. A
beam incident on a BS at the input port a, or similarly for b,
is split between output ports c and d in proportions depend-
ing on complex parameters r and t, known as the reflectance
and transmittance of the BS, here taken to be lossless. From
this point forward, we will consider the prominent case of the
balanced BS where |r| = |t| = 1/√2, also known as the 50:50
FIG. 1. Action of a beam splitter. a) Beam splitter with input ports
labelled a and b, and output ports labelled c and d. Arrows indicate
the field propagation directions. b) The four ways the two photons
can exit from the beam splitter—through the same port (top row) or
different ports (bottom row).
BS. Classically, the electric fields in output modes c and d
are given in terms of the electric fields in the input modes
according to Ec = (Ea + Eb) /
√
2 and Ed = (Ea − Eb) /
√
2,
where we have chosen a specific phase relation between the
reflected and transmitted beams. In particular, this phase re-
lation depends on technical design of the BS, e.g. number of
dielectric layers and the coating design [9]. Nevertheless, the
physical aspects of the BS discussed hereafter are not affected
by this phase relation, as long as energy conservation and uni-
tarity are fulfilled.
We are now ready to move to the quantum description of
the BS according to the second quantization formalism. This
is done by employing a set of bosonic annihilation and cre-
ation operators (aˆi and aˆ
†
i , respectively) to represent electro-
magnetic fields in mode i. The annihilation and creation oper-
ators must satisfy the standard bosonic commutation relation,
i.e. [aˆi, aˆ
†
j ] = δi j, where δi j is the Kronecker delta symbol.
Explicitly, the effect of the creation operator acting on the vac-
uum is given by, (
aˆ†i
)n |0〉 = √n! |n〉i, (1)
where |0〉 is the vacuum state and |n〉i is an n-photon Fock state
in mode i. For the input and output modes shown in Fig. 1,
we use the notation aˆ, bˆ, cˆ and dˆ to represent annihilation
operators in modes a, b, c and d, respectively. Hence, the
operation of a 50:50 BS is given in terms of field operators by, aˆ = 1√2
(
cˆ + dˆ
)
bˆ = 1√
2
(
cˆ − dˆ
) , (2)
where we have inverted the transformation by representing the
input annihilation operators in terms of the output annihilation
operators. We have now laid out the theoretical framework
necessary to describe the two-photon interference effect.
B. Two-Photon Interference
The two-photon interference effect is traditionally intro-
duced as follows: assume two photons are incident at
each input port of a 50:50 BS. Let us additionally con-
sider that the two photons may be distinguished due to
3an additional degree of freedom, for example polariza-
tion, timing, frequency or spatial modes. Using the no-
tation introduced above, we consider the initial state as
|ψin〉 = |1〉a,H |1〉b,V = |H〉a |V〉b = aˆ†H bˆ†V |0〉, where aˆ†H and bˆ†V
are the creation operators corresponding to the modes of hor-
izontally polarized light in input port a, |H〉a, and vertically
polarized light in input port b, |V〉b, respectively. Using the
BS transformation relations from Eq. (2), the output state is
given by,
aˆ†H bˆ
†
V |0〉
BS−→ 1
2
(
cˆ†H + dˆ
†
H
) (
cˆ†V − dˆ†V
)
|0〉 (3)
=
1
2
(
cˆ†H cˆ
†
V − cˆ†H dˆ†V + cˆ†V dˆ†H − dˆ†H dˆ†V
)
|0〉.
From the output state, we can infer four distinct possibilities
for the two photons: the two photons exit the BS together
through the same output port, corresponding to the first and
last terms above, i.e. cˆH cˆV and dˆH dˆV , or the photons exit the
BS separately through different output ports, corresponding to
the second and third terms above, i.e. cˆH dˆV and cˆV dˆH . With
no surprises, we obtain all the classically expected outcomes.
The two-photon interference now occurs when considering
indistinguishable photons. Starting from Eq. (3), let the two
input photons have the same polarization state, such that they
are identical. For simplicity, we can then remove the polariza-
tion subscripts such that the output state now reads,
aˆ† bˆ† |0〉 BS−→ 1
2
(
cˆ† cˆ† −cˆ† dˆ† +cˆ† dˆ† − dˆ† dˆ†
)
|0〉 (4)
=
1
2
((
cˆ†
)2 − (dˆ†)2) |0〉
=
1√
2
(|2〉c − |2〉d) .
Astonishingly, we find a new type of interference effect, phys-
ically distinct from the interference of a single photon or clas-
sical fields, where it is the overall two-photon states that inter-
fere. In this case, we observe destructive interference of the
two-photon states corresponding to photons exiting opposite
output ports, and constructive interference of the two-photon
states corresponding to photons exiting through the same out-
put ports. Nevertheless, destructive and constructive interfer-
ence can be adjusted by tailoring the symmetry of the overall
input two-photon state, as will be discussed in the following
section, noting again that the relative phase is inconsequential.
In the case of fermionic particles, say electrons, the creation
operators will anti-commute, implying that cˆ†dˆ† = −dˆ†cˆ†.
Therefore, |1〉a |1〉b BS−→ |1〉c |1〉d and the fermions will exit
through different output ports. This will be discuss in more
details in Sec. VIII.
C. Entangled States
In addition to being one of the most peculiar phenomenon
in quantum optics, two-photon interference is one of the pri-
mary tools used in quantum information processing. At the
heart of quantum information is the notion of quantum en-
tanglement [10]—the fundamental resource in quantum com-
munication [11], quantum metrology [12], and quantum com-
puting [13]. Quantum entanglement inherently deals with the
interference of two-photon states, thus hinting to the fact that
the HOM effect might play an important role in the engineer-
ing and analysis of entangled states. Although the extension
of the HOM effect to multi-photon (more than two photons)
will be discussed in Section VII, we will now concentrate on
the case of two photons.
Two-photon bidimensional entanglement is conveniently
built upon the basis of maximally entangled states, also known
as the Bell states. Using once again the example of polariza-
tion, the Bell states are given by:
|Ψ±〉ab = 1√
2
(|H〉a|V〉b ± |V〉a|H〉b) (5)
|Φ±〉ab = 1√
2
(|H〉a|H〉b ± |V〉a|V〉b) , (6)
where |H〉 and |V〉 represent a one-photon state in the mode of
horizontal and vertical linear polarization, respectively. As a
first step, let us directly apply a similar calculation, as previ-
ously shown, to determine the output state at a 50:50 BS when
the Bell states are considered as the input states. After some
calculations, we obtain,
|Ψ+〉ab BS−→ 1√
2
(
cˆ†H cˆ
†
V − dˆ†H dˆ†V
)
|0〉, (7)
|Ψ−〉ab BS−→ −1√
2
(
cˆ†H dˆ
†
V − cˆ†V dˆ†H
)
|0〉,
|Φ±〉ab BS−→ 1
2
√
2
((
cˆ†H
)2 ± (cˆ†V)2 − (dˆ†H)2 ∓ (dˆ†V)2) |0〉.
After examination of the Bell states after passing through the
BS, we notice a few interesting features. For the |Ψ+〉 state,
we may notice that the output photons always exit the BS to-
gether through the same output ports, just as in the case of
indistinguishable photons discussed previously, i.e. |1〉a|1〉b.
This type of behaviour, know as “bunching”, is also observed
for input states |Φ±〉. However, for the case of |Ψ−〉, we ob-
serve the output photons always exiting the BS in opposite
output ports, also known as “anti-bunching”. Interestingly,
bunching and anti-bunching are typical bosonic and fermionic
behaviours, respectively. Indeed, those behaviours can be un-
derstood from the symmetry of the Bell states [14]. By def-
inition, a system of bosons is symmetric under the exchange
of any pair, whereas a system of fermions is anti-symmetric
under the exchange of any pair. Hence, due to their bosonic
nature, photon pairs must be in an overall symmetric state,
which is clearly the case for |Ψ+〉 and |Φ±〉. However, al-
though the |Ψ−〉 is said to be the “anti-symmetric state” and
exhibits anti-bunching, its overall state, including polarization
together with path, must be symmetric. Indeed, both the po-
larization and the path degree of freedom of the photon pair
are individually anti-symmetric, leaving the overall state sym-
metric. Hence, the ability to discriminate the |Ψ−〉 Bell state,
by taking advantage of its fermionic behaviour, is central to
4the concept of Bell state analysis, as will be discussed in a
forthcoming section.
D. Two-photon interference with qudits
Here, we extend the HOM effect to higher dimensions.
We use the notation |n〉i to describe an n photon number
state of mode i, see Eq. (1). Recall that a mode can be de-
fined by polarization, frequency and spatial degrees of free-
dom. To define a d-dimensional basis, we pick d modes,
{‘0’,‘1’, . . . , ‘d-1’}, and we populate them with one photon in
total. We are therefore working within the 1-photon multiplet
of the total photon number operator nˆ =
∑
i aˆ
†
i aˆi.
Let us consider two qudit photon states (|φ〉 = ∑d−1i=0 αi |1〉‘i’
and |ψ〉 = ∑d−1j=0 β j |1〉‘j’) incident on a 50:50 BS, where the
notation implies that the omitted modes are all in vacuum. If
we input these two states at different input ports, we obtain:
|φ〉 |ψ〉 =
d−1∑
i= j=0
αiβ j
( |2〉‘i’ |0〉‘j’ − |0〉‘i’ |2〉‘j’√
2
)
+
d−1∑
i, j=0
(
αiβ j − α jβi
2
)
|1〉’i‘ |1〉‘j’ . (8)
The coincidence probability is given by the last term in
Eq. (8), i.e.,
d−1∑
i, j=0
1
4
(αiβ j − α jβi)(αiβ j − α jβi)∗ = 1 − | 〈φ|ψ〉 |
2
2
, (9)
and the two-photon probability is then
(
1 + | 〈φ|ψ〉 |2
)
/2. We
note that when |φ〉 and |ψ〉 are identical there will be no co-
incidences and the last term in Eq (8) will vanish. While for
completely distinguishable states, i.e. 〈φ|ψ〉 = 0, the two pho-
tons will bunch half of the time. Thus, HOM can be adopted
as a powerful tool to directly measure the overlap between two
single photon wavepackets.
II. PRECISION MEASUREMENTS
In the original paper by Hong, Ou and Mandel [4] (as well
as Rarity and Tapster [6]), the quantum optical formalism of
the two-photon interference is presented and the famous HOM
dip is experimentally observed. As will be discussed in the
upcoming sections, the two-photon interference is fundamen-
tal to a plethora of quantum information tasks. Nevertheless,
Hong, Ou and Mandel present the HOM dip and discuss its
applications in terms of precise timing measurement. In par-
ticular, they draw the link between their scheme and the well
known techniques used to measure short pulses using nonlin-
ear materials, e.g. intensity auto-correlation. Subpicosecond
time intervals can now be measured for photon pairs from
parametric down-conversion going far beyond the previous
timing resolution of standard photodetectors, i.e. larger than
100 ps. Since then, several experiments have investigated the
use of the HOM effect to perform precise timing measure-
ments.
A. Precise Timing Measurement
In recent years, there has been a renewed interest in using
the HOM effect to measure minute time variations. Motivated
by the body of work on structured light that has emerged in
the last few decades [15], an interest in the propagation of
structured beams in free-space led to a series of experiments
measuring time shifts due to the modal structure of the prop-
agating beams [16–19]. In some of these experiments, a shift
in the HOM dip was used to evaluate a temporal shift due to
the spatial structure of the beam [15].
A general setup to perform precise timing measurements
using HOM is shown in Fig. 2a). In the first of these experi-
ments [16], the group velocity of single photons with the pro-
file of a Bessel beam and a focused Gaussian beam is com-
pared to that of a collimated Gaussian beam. In this exper-
iment, entangled photon pairs are generated through spon-
taneous parametric down-conversion (SPDC), and the signal
and idler photons are separated using a knife-edge mirror. It
is the signal photon that experiences the time shift, due to a
variation in its group velocity. In [16], the variation in group
velocity is induced by structuring the transverse profile of the
signal photon. This is achieved by sending the signal pho-
ton onto a spatial light modulator (SLM) which can be pro-
grammed to act as a diffractive optical element implementing
axicons or lenses to modulate the photons into a Bessel beam
or a focused Gaussian beam. The signal photon is then al-
lowed to propagate in free space before arriving at a second
SLM which reverses the structure of the photon introduced by
the first SLM. The signal photon is then made incident onto
one of the input ports of a 50:50 BS with the idler photon in-
cident in the other input port. By varying the path length of
one of the photons and recording coincidence counts at the
output port of the BS, the HOM dip is measured where the
minimum of the dip sets a time reference. As a next step, the
signal photon’s group velocity can be varied using the SLMs,
resulting in a different time shift which can be observed by a
shifted HOM dip. The shift of the HOM dip is then related to
a direct time shift in the arm of the signal photon. In another
experiment, variations in the time of flight is also investigated
using a similar experimental setup [18]. In this case, time
shifts arise by varying the optical orbital angular momentum
(OAM) value of the signal photon. The addition of OAM in
the phase of the beam is compared to a beam with the same
intensity profile at the SLM, but no net OAM. Once again, the
HOM effect is used as a highly precise timing measurement
tool.
In the works mentioned above, a noncommon-path HOM
interferometer is employed to measure time shifts with res-
olutions on the order of a few femto-seconds (micrometers),
where the time shifts are obtained by assessing the shift of
the HOM dip. Thus, one might expect the limit on time res-
olutions of this apparatus to be given by the width of the
HOM dip, or equivalently the coherence time of the pho-
5UV BBO
BS
Time shift
KE
Path delay SPAD
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(a) (b)
FIG. 2. Simplified experimental setup to observe the Hong-Ou-Mandel dip. (a) We present an experimental setup similar to that presented
by Hong, Ou and Mandel. An ultraviolet (UV) laser pumps a nonlinear crystal, e.g. KDP, BBO or ppKTP. Pairs of photons are generated
with anti-correlated linear momentum and separated using a knife-edge (KE) mirror. The photons are brought back together at a 50:50 BS,
where a variable path delay is scanned to control the arrival time of one of the photons. The photons exiting the output ports of the BS are
detected using single-photon avalanche diode (SPAD) detectors and coincidence counts are recorded. (b) Example of experimental results
showing the two-photon interference dip, dropping to zero when the two photons enter the BS simultaneously. Solid line indicated expected
theoretical coincidence counts, and dots indicate experimental measurements. The peak in counts on either side of the dip is caused by the use
of a rectangular bandpass filter in experiment, as compared to a Gaussian filter in theory. Figure legends: UV, ultraviolet beam; BBO, Beta
barium borate nonlinear crystal; KE, knife edge; BS, 50:50 beam splitter; SPAD, single photon avalanche diode.
tons. According to this argument, larger time resolutions
can be achieved by employing ultra-broadband single photon
sources. However, it has recently been shown that by consid-
ering the limits dictated by statistical estimation theory, it is
possible to push the time resolution of a HOM interferometer
to sub-femtosecond resolutions [20]. At the heart of estima-
tion theory, is the Crame´r-Rao bound which poses the ultimate
limit on the precision of the estimation of a parameter, in this
case the time shift. In the work of [20], a standard HOM in-
terferometer, similar to the one shown in Fig. 2, is used to
measure a time shift. In particular, the Crame´r-Rao bound
is saturated using the maximum-likelihood estimator, and the
Fisher information—which depends on the coherence time of
the photons, the visibility of the HOM dip, and losses—is
maximized. By doing so, an average accuracy and average
precision of 6 attoseconds and 16 attoseconds were achieved,
respectively. Moreover, it is also possible to maximize the
Fisher information by custom-tailoring the state of the probe
photons using frequency entanglement [21].
B. Quantum Optical Coherence Tomography
Another particularity of the two-photon interference is its
inherent dispersion cancellation, which does not occur in the
case of the one-photon interference, or the interference of
classical light. In particular, it is the even-order effects of
dispersion, such as group-velocity dispersion, that are can-
celled [22]. Thus, the two-photon interference effect holds
great potential for applications where dispersion can seriously
limit optical applications. A great example of such an ap-
plication is the medical imaging technique known as optical
coherence tomography (OCT), where a low-coherence light
source is used in an interferometric setup to reconstruct the
2-dimensional or 3-dimensional profile of tissues [23]. In the-
ory, the resolution of OCT is limited by the coherence length
of the light source; however, in practice, it is the material dis-
persion that limits the resolution.
In order to overcome the resolution limitations, a technique
known as quantum optical coherence tomography (QOCT)
has been proposed to exploit the automatic dispersion can-
cellation involved in the two-photon interference effect [24].
Moreover, for the same bandwidth, QOCT benefits from an
extra factor of 2 in resolution compared to classical OCT.
The experimental configuration of QOCT would be similar
to that presented in Fig. 2, where the sample is introduced
in one of the arms of the two-photon interferometer and co-
incidence counts are recorded while varying the path of the
other arm using a variable delay stage. Not long after its
proposal, QOCT was experimentally demonstrated, achiev-
ing an improvement in resolution by a factor of 5 compared
to OCT [25]. Further experimental demonstrations of QOCT
have also been reported, where micron-sized features are de-
tected even for the case of biological samples [26–28]. Fi-
nally, although QOCT offers potential advantages in terms of
resolution, new challenges appear, such as low signal and sig-
nal artifacts. Thus, new techniques are being investigated in
order to exploit the full potential of QOCT [29–32]. An exam-
ple of a 3-dimensional image taken via QOCT for the skin of
an onion coated in gold is shown in Fig. 3; this result indicates
a resolution of 1 µm.
C. Quantum metrology
Finally, another field of research where the HOM effect
plays an essential role for precision measurement is quan-
tum metrology, where quantum resources, such as entangle-
ment and non-classical states of light, are used to achieve
higher precision on the measurement of a physical prop-
6FIG. 3. Example of quantum optical coherence tomography.
3-dimensional image of onion-skin tissue coated with gold nano-
particles taken with QOCT. Image taken from [33].
erty [34, 35]. The most well-known class of useful states for
quantum metrology is the N00N states [12], given by,
|ψN00N〉 = 1√
2
(|N〉a|0〉b + |0〉a|N〉b) . (10)
Here, |N〉 represents N photons in the Fock basis.
For the trivial case of N = 1, such state is realized by
sending a single photon through a 50:50 BS. For the case of
N = 2 [36, 37], we recognize the state from Eq. (5) where
two indistinguishable photons are made incident onto both in-
put ports of a 50:50 BS, resulting in HOM interference. Thus,
one can already appreciate the importance of the HOM ef-
fect in quantum metrology relying on the entanglement of
multi-photon states. The resolution in space and phase is
enhanced by a factor of N, i.e. scales as 1/N. Thus, in or-
der to achieve the fundamental quantum limit, also known as
the Heisenberg limit, for phase sensitivity, one must consider
high photon number N00N states. Several schemes have thus
been proposed to achieve high photon number N00N states
experimentally [38–41] along with experimental demonstra-
tions [42–51], where most of these schemes are in the spirit of
the two-photon, or more generally multi-photon, interference
set by the HOM effect.
III. QUANTUM STATE ANALYSIS
In the previous section, we have reviewed several experi-
ments where the two-photon interference effect can be taken
advantage of in order to perform precision measurements in
terms of timing or phase sensitivity. Another case in which
the two-photon interference is of paramount importance is the
analysis of quantum states, such as pairs of indistinguishable
and entangled photons. In particular, the measurement of the
HOM visibility is an invaluable diagnostic tool to characterize
single photon sources and states. Furthermore, Bell state mea-
surements are the gold standard for experimentally measuring
maximally entangled states.
A. Mode distinguishability
At the heart of the HOM effect, there is the concept of dis-
tinguishability of the input photons. In other words, two pho-
tons are said to be indistinguishable if they are in the same
mode of the electromagnetic field, i.e. polarization, time, fre-
quency, position and momentum. In a two-photon interfer-
ence experiment, maximal interference occurs when the input
photons are indistinguishable at both input ports of the BS.
The level of indistinguishability is typically determined using
the HOM interference visibility,V, given by,
V = Cmax − CminCmax , (11)
where Cmax and Cmin correspond respectively to the maxi-
mal and minimal coincidence count rates at the output of the
BS by varying the arrival time of one of the input photon,
see Fig. 2b). Indeed, the HOM visibility has been used to
characterize the level of mode indistinguishability for a wide
range of single photon sources, i.e. spontaneous paramet-
ric down-conversion [52, 53], quantum dots [54–58], atomic
vapours [59–63], nitrogen-vacancy centres in diamond [64–
66], trapped ions [67], trapped neutral atoms [68, 69], and
molecules [70, 71]. The experimental realization of indis-
tinguishable single photon sources with high purity is a cru-
cial component for engineering large-scale entangled quan-
tum states from independent sources, as will be seen in forth-
coming sections.
B. Bell state measurements
In general, the discrimination of Bell states with linear op-
tics comes with fundamental limitations. For example, if we
use exclusively linear optics and no other ancillary modes, we
are bound to a 50% discrimination success rate [72]. Higher
success rates can be achieved with nonlinear optics [73], en-
tanglement in auxiliary modes [74, 75], or feed-forward tech-
niques [76]. The simplest implementation uses only one inter-
ference at a single beam splitter and two detectors. We start
with two maximally entangled modes in the Bell basis, |Ψ±〉ab
and |Φ±〉ab from Eq. (5) and (6), respectively. Recall that the
BS transforms the Bell states according to Eq. 7, explicitly
given as,
|Ψ+〉ab BS−→ 1√
2
(
|1〉c,H |1〉c,V − |1〉d,H |1〉d,V
)
, (12)
|Ψ−〉ab BS−→ −1√
2
(
|1〉c,H |1〉d,V − |1〉c,V |1〉d,H
)
,
|Φ±〉ab BS−→ 12
(
|2〉c,H ± |2〉c,V − |2〉d,H ∓ |2〉d,V
)
,
where |N〉p,s is N photons in the path p with polarization s.
Again, we see the bunching of the HOM effect acting on the
last two states. In the first case, both photons end up in the
same detector, but they have opposite polarization; in the sec-
ond case, we have one photon per detector, and in the last case
they also reach the same detector, but they have the same po-
larizations. We cannot distinguish the last two states, |Φ±〉,
7from each other with a simple pair of photon detectors; hence,
the success rate of 50%. As anticipated, this figure can be
improved by supplying some additional entangled modes. As
outlined in [77], an example can be to arrange four beam split-
ters so that we interfere the original state with another entan-
gled ancillary pair of modes first, and then each of the two
pairs of output modes goes through a simple Bell state ana-
lyzer. In this way, we can distinguish one of the two states
that we could not distinguish before, raising the success rate
to 75%. It is possible to combine N interferences and raise the
success rate to 1 − 2−N .
IV. QUANTUM COMMUNICATION
A major and growing part of quantum technologies is the
field of quantum communications and quantum cryptogra-
phy [78]. Carriers of information made of single quanta of
energy, such as photons, possess a surprisingly large potential
for secure communications. The Heisenberg uncertainty prin-
ciple and the no-cloning theorem [79] are the basis of secu-
rity when encoding information on single photons, since any
type of eavesdropping results in disturbances of the photonic
quantum states. Another key physical principle that is at the
heart of quantum communications is entanglement [10]. In
particular, quantum cryptography takes an elegant form when
explained in terms of entanglement-based schemes [11] and
can further simplify security analyses [80]. Beyond quantum
cryptography, many quantum communication schemes—such
as entanglement swapping [81], quantum teleportation [82],
and dense-coding [83]—are also based on the concept of en-
tanglement.
In the following section, we review the role of the two-
photon interference effect in established schemes such as
quantum teleportation and entanglement swapping. Sub-
sequently, we review recently introduced quantum cryp-
tographic schemes that are based on the two-photon in-
terference effect. In particular, the measurement-device-
independent [84] and the passive round-robin differential
phase-shift [85] quantum key distribution (QKD) protocols
are considered, which are milestones for the emerging field
of practical QKD.
A. Teleportation and entanglement swapping
The idea of entanglement swapping is to start with a pair
of entangled systems, AA′ and BB′, and to measure systems
AB in the Bell basis, with the consequence of leaving systems
A′B′ entangled with each other. This is entanglement swap-
ping in a nutshell. The way we can achieve it is indeed to per-
form a Bell state measurement, whose outcome determines in
which Bell state the other two systems are left.
For example [86], consider a single trapped excited atom
with a degenerate ground state corresponding to two distinct
photon polarizations. In such a way, when the atom emits a
photon, the atom-photon state is 1√
2
(|g1,H〉 + |g2,V〉), where
g1 and g2 are the two orthogonal ground states. When there
FIG. 4. Schematic of performing entanglement swapping. a)
Given two entangled systems AA′ and BB′, A and B are made to in-
terfere at a 50:50 BS in the form of a Bell state measurement (BSM).
Thus, A′ and B′ are consequently entangled based on the outcome
of the BSM. b) A BSM is performed on two photons created from
two separate excited atoms. Similar to a), the two atoms become
entangled based on the outcome of the BSM. c) A quantum repeater
scheme with four memories in which each memory contains two sep-
arate atoms. Following b), a BSM is made on two photons from
neighbouring memories to entangle the neighbouring atoms. By cas-
cading such a process, the entanglement can be distributed over long
distances.
are two such events from two different atoms (from different
cells), the emitted photons can be interfered at a beam split-
ter to perform a linear optical Bell state measurement, as dis-
cussed in the previous section. If successful, this procedure
has swapped the entanglement from being between each atom
and its photon to being between the two atoms alone. We
have thus created an entangled state of two atoms, which will
display non-local correlations as one can verify for example
by violating Bell’s inequalities [87]. This idea can be applied
to other domains as well, for example to entangle a pair of
transmon qubits by interfering two microwave photons at a
microwave beam splitter junction [88].
Another domain of utilization is for quantum repeaters
[89]: the so-called “two-way architecture” works by having
quantum memories evenly distributed along a communication
channel, each memory hosting two atoms that emit photons as
described above, one forwards and one backwards along the
channel. Mid-way between two memories M1M2 sits a Bell
state analyzer that measures the two photons coming from M1
and M2 in the Bell basis. If the measurement is successful, we
8have entangled a pair of atoms, one in M1 and one in M2. As
soon as this procedure is successful between the second atom
in M2 and an atom in M3, the memory M2 can itself measure
its two atoms in the Bell basis, with the consequence of en-
tangling a pair of atoms, one in M1 and one in M3. One can
continue with this protocol until the first and the last memo-
ries are entangled, and we have thus effectively obtained an
entangled pair of atoms among potentially very distant loca-
tions [90]. These can then be used to perform any kind of
protocol, from quantum key distribution to distributed quan-
tum computations [89].
B. Measurement device independent QKD
In theory, quantum key distribution promises the exchange
of secret information, where the security relies on fundamen-
tal physical principles. Nevertheless, practical implementa-
tions do not necessarily follow the assumptions made in the
security proofs. Thus, security loopholes have, early on, been
recognized to pose a threat to the security of realistic QKD
implementations [91, 92]. For instance, several side chan-
nel attacks have been demonstrated experimentally, show-
ing the vulnerability of the commercial QKD systems under
study [93, 94]. In order to overcome these security issues,
several solutions have been proposed. One such solution is
known as the full device independent QKD [95, 96], where the
security can be proven without any knowledge of the devices
used in the implementation. However, this scheme yields very
low secret key rates, and is highly impractical due to several
stringent requirements such as near unity detection efficien-
cies. In order to overcome the impracticality of this scheme,
the measurement-device-independent (MDI) QKD protocol
has been proposed [84], where all detector side channels at-
tacks are now removed. In contrast to the full device inde-
pendent scheme, MDI QKD protocol still necessitates the as-
sumptions of Alice’s and Bob’s states generation to be perfect,
which is still reasonable for current implementations.
The two-photon interference and Bell state analysis are cen-
tral concepts in MDI-QKD. The protocol goes as follows: Al-
ice and Bob randomly prepare their individual photons in a
particular state, then distribute their photons to a third un-
trusted partner, named Charlie. Upon receiving Alice’s and
Bob’s photons, Charlie performs a Bell state measurement by
making each photon incident on a beam splitter. The two pho-
tons are made to arrive simultaneously on the beam splitter,
in order to observe two-photon interference. Finally, Charlie
publicly announces the result of his Bell state measurement,
allowing Alice and Bob to establish a shared raw key. Usual
classical post-processing, such as error correction and privacy
amplification, is then applied in order to obtain a secure se-
cret key between Alice and Bob. The MDI QKD protocol
has been experimentally demonstrated using time-bin phase-
encoding [97], and polarization encoding [98]. Moreover,
the MDI scheme has also been demonstrated over long dis-
tances through optical fibres [99, 100], showing the feasibility
of the protocol and its potential for unconditional security. In
the aforementioned implementations of MDI QKD, to achieve
high secret key rates, attenuated laser pulses were employed
along with the decoy state protocol [101]. In order to achieve
an optimal HOM interference, the attenuated lasers are phase
randomized, achieving a maximum HOM visibility of 1/2. A
heralded single photon source achieving a unity HOM visi-
bility would lead to a higher secret key rate per transmitted
photon.
C. Passive round-robin differential phase shift QKD
Another milestone in QKD is the round-robin differential-
phase shift (RRDPS) protocol [102]. An important task in any
practical QKD implementation is the assessment of the infor-
mation leakage to an adversary eavesdropper. By determining
this quantity, one may then perform the appropriate amount of
classical post-processing to the raw key shared between Alice
and Bob. However, determining the amount of information
leakage requires active monitoring of the quantum bit error
rate, or other quantities such as interference visibilities. This
stringent requirement may render several QKD implementa-
tions impractical or lower its key rate efficiency. The RRDPS
protocol removes the requirement for signal disturbance mon-
itoring by bounding the amount of information leaked to the
eavesdropper, where the bound depends entirely on Alice’s
generation stage. Hence, the RRDPS scheme is another ma-
jor step towards practical implementation of unconditionally
secure quantum communication systems.
Several realizations of the RRDPS protocol have recently
been demonstrated experimentally using time-bin phase en-
coding [103–106] and using transverse spatial modes [107].
Although a single bit of information per transmitted pulse
is encoded, the RRDPS QKD can be considered as a high-
dimensional protocol. Dimensions ranging between 5 and
128 have been achieved in the time-bin configuration using
interferometers with variable delays. In particular, the secu-
rity of the RRDPS protocol is largely enhanced when consid-
ering large dimensions; therefore, it is worth exploring dif-
ferent implementations achieving larger dimensions. In order
to overcome the difficulties in achieving stable variable-delay
interferometers, a passive version of the RRDPS QKD was
proposed [85]. In this scheme, the two-photon interference is
exploited to achieve extremely large dimensions such as 105.
Instead of measuring the interference of a train of pulses at
Bob’s stage, Bob generates a reference pulse train, and sends
Alice’s and his state to a beam splitter. By using such a config-
uration, Bob takes advantage of the phase stability of the two-
photon interference effect. Finally, it has recently been shown
that the passive RRDPS protocol could also be extended to
other high-dimensional QKD protocols [108].
The passive RRDPS QKD is another demonstration of the
advantage of using the two-photon interference effect in quan-
tum communications protocols. As a result, such a configura-
tion typically yields larger security, better stability, and faster
communications.
9V. QUANTUM STATE ENGINEERING
One of the necessary ingredients for quantum technologies
is the ability to manipulate quantum systems to bring them to
the desired state. For example, in metrological applications,
certain states are more sensitive than others to the effect that
we want to measure; or in quantum computation, the system
should be initialized in a subspace that offers protection from
errors. Furthermore, in light of the Choi-Jamiołkowski iso-
morphism which allows us to associate a bipartite state to a
quantum channel [109, 110], generating the desired quantum
states also has consequences on our ability to implement full
quantum channels through the technique of gate teleportation.
In this section, we describe some of the achievements of
quantum state engineering: the measurement and generation
of entangled states, quantum cloning, and the technique of
state merging—all through the lens of the HOM effect.
A. Entanglement engineering
Starting from a highly entangled pair of particles, such as
the photon pairs generated in SPDC, it is possible to engineer
the state to one’s needs using the HOM effect. Any input state
of the beam splitter with one photon in each input port can be
written as |Ψ〉 = ∑di, j=1 ci j |1〉a,i |1〉b, j, with |1〉p,k representing
one photon in path p with mode k. It is shown in [111] that this
can be rewritten as a superposition of symmetric and antisym-
metric Bell states |Ψ〉 = ∑i, j ci j√2 (∣∣∣∣Ψ+i j〉 + ∣∣∣∣Ψ−i j〉) + ∑i cii ∣∣∣Ψ+ii〉,
where
∣∣∣∣Ψ±i j〉 = |1〉a,i |1〉b, j ± |1〉a, j |1〉b,i. Upon exiting the beam
splitter, the symmetric component,
∣∣∣∣Ψ+i j〉, of the input state
will reseult in two photons being detected in one of the output
ports, while the antisymmetric component,
∣∣∣∣Ψ−i j〉, will result
in one photon being detected in each output port. Therefore,
when conditioning on coincidence detection between the two
output ports, the HOM effect acts as a filter for the antisym-
metric component for any arbitrary high-dimensional input
state.
A second example is a way of entangling photons with
different frequencies [112]. The idea here is to create two
pairs of photons and make a joint Bell state measurement, im-
plementing what is known as “entanglement swapping” (see
Sec. IV A). The frequency difference ∆ω generates a phase of
exp(i∆ω∆t) between the components, which will render the
state mixed if unaccounted for because the detection time dif-
ference ∆t is random. However, one can solve this issue either
by postselecting on only the measurements that fall within a
very narrow time window (but this reduces the total number
of successful measurements), or by recording the time differ-
ence and feed-forward a phase correction so that every single
photon pair will have the same phase.
B. Universal optimal quantum cloning and NOT gate
Another application of the HOM effect is quantum cloning.
Considering the well-known fact that quantum mechanics
does not allow the possibility to clone an unknown state [79,
113], the ability to perform quantum cloning may seem coun-
terintuitive. The key is that, in quantum mechanics, we are
allowed to perform a task as long as we cannot use it to vio-
late the linearity of the theory. The no-cloning theorem states
that we cannot always clone an unknown state, which is in-
deed correct; however, this does not prevent us from creating
a clone some of the time with random success. Optimal 1→ 2
cloning (i.e. two clones of one original state) of a qudit can be
achieved with a fidelity of Fcloning = 12 +
1
d+1 [114–117].
For example, an arbitrary polarization qubit |1〉s = α |1〉H +
β |1〉V , where |α|2 + |β|2 = 1, can be optimally cloned us-
ing the HOM effect by interfering it on a beam splitter with
an ancilla that is in a maximally mixed polarization state
ρˆ =
(
|1〉s〈1| + |1〉s⊥〈1|
)
/2, where s⊥ is the orthogonal polar-
ization state. The total dimension of the system is d + 1 = 3,
since the mixed state has dimension 2, while the arbitrary
polarization qubit is an independent vector, adding an addi-
tional dimension. When the two photons exit through the
same port, 2/3 of the time they will have the same polariza-
tion state; while 1/3 of the time, they will have orthogonal
polarization states, |1〉s |1〉s⊥ . Overall, the cloning fidelity is
then Fcloning = 23 × 1 + 13 × 12 = 56 .
Suppose we created the maximally mixed polarization state
by using one of the photons from a maximally entangled sin-
glet state. Then 2/3 of the time, the other photon in the singlet
state will have the orthogonal polarization of the cloned states,
and 1/3 of the time the same polarization. This effectively im-
plements an optimal universal NOT gate [118, 119]—itself a
non-unitary operation.
C. Quantum state joining
Quantum state joining is the process of transferring the state
of two particle onto a third one (replacing its state). We thus
require a particle to have enough degrees of freedom to ac-
commodate the information of both incoming states. For ex-
ample, when working with photons, this can be achieved by
exploiting the spatial degree of freedom in addition to polar-
ization, but one could also use the frequency/time degree of
freedom.
The Knill-Laflamme-Milburn (KLM) linear optical imple-
mentation of the CNOT quantum gate, which will be dis-
cussed in detail in Sec. VI A, plays the key role for achieving
quantum state joining. Experimentally, quantum state joining
has been achieved for the polarization state of two photons,
in which the information was transferred onto a third single
photon by exploiting the fact that a single particle can occupy
different spatial modes and polarizations [120]. This process
is probabilistic and requires an ancilla state, with a success
probability of 1/32, or 1/8 if a suitable feed-forward is used.
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Explicitly, the polarization state of two particles
|φ〉I ⊗ |ψ〉II = (α |1〉I,H + β |1〉I,V ) ⊗ (γ |1〉II,H + δ |1〉II,V ) (13)
= αγ |1H , 1H〉 + βγ |1H , 1V〉
+αδ |1V , 1H〉 + βδ |1V , 1V〉 ,
where |1s, 1s′〉 = |1〉I,s⊗|1〉II,s′ , respectively, can be joined onto
the state of a third single photon,
|ϕ〉III = αγ |1〉‘0’ + βγ |1〉‘1’ + αδ |1〉‘2’ + βδ |1〉‘3’ . (14)
Here, the subscripts {‘0’,‘1’,‘2’,‘3’} represents a 4-
dimensional logical basis, e.g. path-polarization or OAM.
This scheme relies on the interaction of two photons, which
would require nonlinear optics. The inverse process to joining
states, known as quantum state splitting, is such that the
information on a ququart state (for the above experiment) is
split onto two photonic qubits [121].
VI. QUANTUM COMPUTATION
After having covered a few examples of engineering quan-
tum states, we can now move on to engineering the dynamics
of a system. In particular, we want to focus on those dynam-
ics that can be considered a “computation” on quantum data.
Of course, a complete treatise of quantum computing would
require much more space than that of this section, so our aim
here is to summarize the main idea and then show how the
HOM effect can be harnessed to perform some meaningful
quantum state processing.
A. Linear quantum computing
Universal quantum computation can be achieved with lin-
ear optics, post-selection, single photon sources and detectors,
and feed-forward, as was proposed by the KLM protocol [76].
Here, qubits are defined in the dual-rail encoding, i.e. the
computational states are defined as a single photon that oc-
cupies one of a pair of optical modes. In our notation, a single
photon qubit can be written simply as |φ〉 = α |0, 1〉 + β |1, 0〉,
where the first and second labels in each ket corresponds to
the number of photons in each rail. The logical qubits in the
dual-rail encoding could, for example, be |‘0’〉 := |1, 0〉 and
|‘1’〉 := |0, 1〉. Single qubit gates are then optical components
that couple pairs of modes, such as a beam splitter. For two-
qubit gates where interaction is required, the HOM effect is
relied heavily upon. Two such gates are the control-Z (CZ)
and control-NOT (CNOT) gates, which are main components
for universal quantum computation.
The two-qubit control-Z (CZ) gate performs the following
operation,
|q1, q2〉 → (−1)q1q2 |q1, q2〉 , (15)
where q1 and q2 are the control and target logical qubits, re-
spectively, taking values of ‘0’ or ‘1’. It was found that a CZ
gate can be constructed using two 50:50 BS and two so-called
FIG. 5. Schematic of photonic quantum gates. a) Control-Z gate.
b) Nonlinear sign gate with η1 = 1/(4 − 2
√
2) and η2 = 3 − 2
√
2. c)
Control-NOT gate.
nonlinear sign (NS) gates [76], see Fig. 5a). A NS gate applies
a pi phase shift to only the two-photon Fock state, i.e.,
|ψ〉 = α |0〉+β |1〉+γ |2〉 NS−−→
∣∣∣ψ′〉 = α |0〉+β |1〉−γ |2〉 . (16)
As shown in Fig.5b), the NS gate uses two ancillary modes
(vacuum and a single photon), three BS with transmission am-
plitudes of η1 = 1/(4 − 2
√
2) and η2 = 3 − 2
√
2. The NS gate
is successful, i.e., Eq. (16) occurs, when the photon number
resolving detectors detect 1 and 0 photons, respectively. This
post-selection process renders the NS gate to be probabilistic,
with a success probability of pNS = 1/4 for an arbitrary input
state without feedforward. The upper bound for the NS gate
was found to be 1/2 [122]. Variations of the NS gate have been
reported: one proposal shows the possibility to implement it
using only two BS but with slightly lower success probability
of (3 − √2)/7 [123]; other schemes with again two ancillary
photons with success probabilities 1/5 [124] and 1/4 [125]. It
is also possible to implement the NS gate in the polarization
basis, wherein polarization rotations are used instead of the
variable BS; this also has a success probability of (3− √2)/7.
Overall, we see that the CZ gate heavily relies on the HOM
effect, the output depending on whether the control and tar-
get photons bunched or not. Since two NS gates are required,
the total success probability of this CZ gate is pCZ = p2NS . The
most efficient CZ gate has a success probability of 2/27, utiliz-
ing two single photon ancillary modes and only four BS [126].
The CNOT gate performs the operation |q1, q2〉 →
|q1, q2 ⊕ q1〉, where ⊕ denotes addition modulo 2. In this way,
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the target qubit is flipped if and only if the control qubit is ‘1’.
The implementation of the CNOT gate is similar to that of the
CZ gate in that it requires two NS gates; however, two addi-
tional 50:50 BS are required acting on the target qubit [127],
as shown in Fig. 5. Again, since the CNOT gate is based
around the NS gate, it is a probabilistic process with success
probability pCNOT = p2NS = 1/16.
It is possible to achieve a useful quantum computation with-
out resorting to a universal quantum computer. In this case, it
is sufficient to have a device that performs a single algorithm.
There are several examples of specific quantum optical imple-
mentations that rely on the HOM effect, to list a few: solving
systems of linear equations [128, 129], computation on en-
crypted data [130], computing discrete and fractional Fourier
transform [131], and computations on a single spatial mode
(using temporal modes) [132].
Once the experimentation phase of a new technology be-
comes mature enough, it is followed by a phase of better pro-
duction methods which may include miniaturization into em-
bedded devices. This is a trend that quantum optical technolo-
gies are experiencing at the moment. Waveguides in photonics
chips allow for higher portability, higher cost efficiency, and
higher robustness [133, 134].
B. The SWAP test
The Hong-Ou-Mandel effect is colloquially referred to as
a test for the distinguishability between two photons: if we
witness a coincidence, the two photons had different states.
Similarly, the SWAP test is a quantum computing primitive
operation that tests for the inequality between two quantum
states. Perhaps surprisingly, the analogy between them goes
all the way down to formal equivalence: the HOM effect is an
optical implementation of the (destructive) SWAP test [135].
In this section, we will explain this formidable equivalence.
Let’s analyse what occurs in the SWAP test, see Fig. 6 for
the circuit. At the input, we have two states |φ〉 and |ψ〉, and an
ancillary logical qubit initialized in |‘0’〉. The Hadamard (H)
gate converts the state |‘0’〉 into a superposition |‘0’〉+|‘1’〉√
2
(and
the state |‘1’〉 into |‘0’〉−|‘1’〉√
2
). The controlled-SWAP (CSWAP)
gate swaps the states |φ〉 and |ψ〉 if the ancillary qubit is in state
|‘1’〉, and does nothing otherwise. The evolution of the input
throughout the SWAP test is,
|‘0’〉 |φ〉 |ψ〉 H−→ |‘0’〉 + |‘1’〉√
2
|φ〉 |ψ〉
CSWAP−→ |‘0’〉 |φ〉 |ψ〉 + |‘1’〉 |ψ〉 |φ〉√
2
H−→ |‘0’〉
(|φ〉 |ψ〉 + |ψ〉 |φ〉) + |‘1’〉 (|φ〉 |ψ〉 − |ψ〉 |φ〉)
2
.
(17)
In terms of the measurement outcome, if |‘1’〉 is measured,
we can confirm that the two input states are different; how-
ever, if the outcome is the state |‘0’〉, they may or may not
be equal. Equivalently in terms of the states |φ〉 and |ψ〉, if
they are identically equal, the second term in the last line of
Eq. (17) vanishes and the outcome of the measurement must
FIG. 6. SWAP test. The quantum circuit implementing the SWAP
test on the states |ψ〉 and |φ〉. A measurement of ‘1’ implies that the
states are different, while a measurement of ‘0’ is inconclusive.
be |‘0’〉 with probability 1. However, if they are not equal, ei-
ther of the two possible outcomes could be measured. If we
demonstrate their inequality, we say the states “fail” the test;
otherwise, we say that the states “pass” the test. As mentioned
above, passing the test does not mean that the states are equal:
we can only say that the more copies of the initial pair pass
the test, the more certain we are about their equality.
From Eq. (17), we can find the probability for passing the
test is
(
1 + | 〈φ|ψ〉 |2
)
/2, and consequently the probability of
failing the test is
(
1 − | 〈φ|ψ〉 |2
)
/2. This means that the more
similar the two states are, the harder it is to demonstrate their
inequality. For two maximally distinguishable (orthogonal)
states, the overlap is 0 and P = 1/2, while for maximally
indistinguishable states the overlap is 1 and the probability to
pass the test is also 1. This justifies the notion that we are
certain that the states are not equal if they fail the test.
The eigenstates of the SWAP operator are the Bell states:
three Bell states correspond to the eigenvalue +1 (the sym-
metric subspace), and one corresponds to the eigenvalue -1
(the singlet state, i.e. the antisymmetric subspace). This sug-
gests that one could also implement a destructive SWAP test
by measuring directly the two systems in the Bell basis. In
order to make a full equivalence with the HOM effect, we
need to get rid of the ancillary qubit. This can be done by
exploiting the observation that the SWAP test projects the two
input states onto the symmetric/antisymmetric subspaces of
the space of states, which is what a Bell state measurement
does. For the two-dimensional case, we can implement a
Bell state measurement with a single beamsplitter followed
by a detector in each output port, which is equivalent to a de-
structive SWAP test in the sense that the states get measured
and are not available afterwards. In higher dimensions, one
needs the equivalent circuit for projecting onto the symmet-
ric/antisymmetric subspaces. This is sufficient to conclude
with a full analogy between the HOM effect and the SWAP
test.
VII. GENERALIZATION TO MULTIPARTITE AND
MULTIMODE SYSTEMS
So far, we have only discussed two-photon interferences
appearing in a 2-input/2-output device, i.e. a beam split-
ter, just as it was envisioned in the original experiment by
Hong, Ou and Mandel. However, the property of multipho-
ton interference is not limited to this rather simple (and yet
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powerful) case, but it can be generalized to more particles
in more complicated beam splitter networks with multiple-
input and multiple-output ports, i.e. so-called multiports. Al-
though such studies have been started soon after Hong, Ou and
Mandel’s seminal paper [136–138], the recent development of
more efficient photon sources and the shift to integrated quan-
tum optics experiments has led to a revival and extension of
these investigations.
A. Three-photon interferences in a Bell-tritter
It is suggestive to generalize the two photon beam splitter
arrangement at first to a three photon and three-mode analog
to a beam splitter, a so-called tritter [139, 140]. Similar to the
two photon HOM-interference, three photons can interfere in
a tritter if they are indistinguishable. In general, the output
probability distribution of the three photons depends on the
input distribution as well as the exact unitary transformation
of the tritter. Although any unitary transformation between
the input and output modes might be possible and of some in-
terest [137], it is instructive to look into the simple case of a
so-called Bell-tritter [139, 140], which redistributes the three
incoming photons to the three output ports in an unbiased way.
The ideal unitary transformation U tritter of a Bell-tritter is map-
ping the input field operators a†i to the output field operators
b†i = Σ jUi ja
†
j and can be described [141] by,
U tritter =
1√
3
1 1 11 ei2pi/3 ei4pi/3
1 ei4pi/3 ei8pi/3
 . (18)
Bell-ports have been discussed theoretically since many years
in connection to multipartite and high-dimensional quantum
information [137, 139, 140]. They have also been experimen-
tally realized with fused optical fibers [138] and more recently
with passive [141] and active integrated waveguide circuits
[142]. Although tritters have been used to demonstrate quan-
tum features in the two-photon regime [138, 142, 143], only
recently have three photon HOM coalescences been observed
[141, 144]. Analog to the two-photon HOM effect, if three in-
distinguishable photons are sent into the three input ports, not
all possible output-distributions will be realized. As can be
seen in Figure 7a for a three-dimensional Bell-port, bosonic
coalescence leads to only 4 out of 10 possible output dis-
tributions. By making the photons pairwise distinguishable,
e.g. by delaying independently two photons, one can map
a probability surface with non-trivial features (see Fig.7b).
This surface can be seen as the three-dimensional extension to
the 2-dimensional HOM interference dip [141]. Importantly,
the complex features of three-partite interference experiments
were also discussed in terms of quantum metrology and phase
sensing to enhance precision [145].
While these results can be seen as a direct extension to
the standard two-photon HOM effect, another recent experi-
ment demonstrated that there are additional features unique
to multi-partite interferences [144]. In contrast to the two-
photon case, where the interference is solely dictated by the
FIG. 7. Three photon interference in a tritter. a) Three photon
analog to the original HOM experiment. If three indistinguishable
photons are sent to a Bell tritter (see unitary (18), only 4 out of 10
possible outcome are allowed. b) Theoretical output probabilities
for detecting all photons in different output ports P1,1,1 (left) and the
same output port P3,0,0 (right) as a function of the delay of the input
photons (adapted from [141]). c) If the photons are partially distin-
guishable (depicted by the different colors), the output probability
P1,1,1 also depends on the triad phase ϕ, which is the sum of pairwise
phase differences of the photons (adapted from [144]).
distinguishability of the two photons, the interference be-
comes more complex when more particles are involved. For
three photons for example, an additional collective phase is
required to describe the photons’ scattering behaviour [146–
148]. This so-called triad phase is the sum of the three relative
phases between pairwise inputs (see Fig.7c) and only effects
the outcome if the photons are partially distinguishable. It
leads to a change in the detection probabilities when all three
photons are detected in separate output ports and does not af-
fect the bi-photon transmission probabilities. Thus, it has to be
considered a genuine three-photon interference effect with no
analog in the standard HOM experiment. Furthermore, similar
concepts and results, such as a zero-transmission law for var-
ious output distributions, can also be generalized to n bosons
sent in the n ports of a Bell-multiport [149–152].
B. Mulitphotons in general multiports
After this initial generalization step, one can extend the dis-
cussion by enlarging the number of modes of the multiport
device and by increasing the number of involved particles.
The increasing complexity opens a myriad of different effects,
which have been or will be studied and that are all relying on
the interference of two or more particles. When two particles
for example are sent into a multiport, e.g. multimode waveg-
uide [153, 154], multimode fiber [155] or integrated waveg-
uide structures [156], the transmission can be described as a
complex bi-partite quantum walk that gives rise to interesting
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quantum correlation patterns [157, 158], can be used to per-
form quantum simulations [159, 160] or can probe the statis-
tics in quantum walks [161].
As discussed in the last paragraph, if more than two photons
are interfered, a probability surface or coincidence landscape
can be investigated [162], which is useful to probe indistin-
guishability or to predict the complex device’s quantum be-
haviour [163]. Interferences of many bosons in complex net-
work structures have also found various applications in quan-
tum information science. Most recently, a multiphoton inter-
ference in a multiport has enabled the first quantum telepor-
tation of a high-dimensional quantum state [164]. The proce-
dure for high-dimensional quantum teleporation is very sim-
ilar to the one for qubits; however, a high-dimensionally en-
tangled pair has to be shared between the two parties first. In
addition, depending on the dimensionality of the teleported
state, d-1 ancillary photons are required to perform the high-
dimensional Bell-state measurement. In the experiment, a
three-dimensional quantum state was teleported using one ad-
ditional ancillary photon. After appropriate postselection, the
three-dimensional quantum state was found to be teleported
to the photon, which was initially a part of the entangled pair.
The complex interference of mutliple photon in multiports
cannot only be used in teleportation schemes, it also enables
the generation of multi-partite entanglement [165].
Moreover, the enormous complexity of the underlying
physics is nicely illustrated in terms of the so-called boson
sampling problem [166, 167]. It has been shown that calculat-
ing the output probability distribution for a sufficiently large
number of photons interfering in a large multiport arrange-
ment is exponentially hard to solve classically, and as such it
is considered to be a promising candidate to show quantum
supremacy. In addition, it is also suggested that this chal-
lenges a fundamental principle of computer science, namely
the extended Church-Turing thesis. Because of the complex-
ity of this topic and as well as the enormous attention and
progress that has been done over the last few years [168–175],
boson sampling would justify a review on its own and we re-
frain from discussing it in more detail. Instead, we conclude
with the note that, in all boson sampling tasks, multi-photon
as well as multimodal interferences, i.e. generalizations of the
original HOM idea, play a crucial role.
VIII. IMPLEMENTATIONS IN NON-PHOTONIC
SYSTEMS
While most of the experiments studying and utilizing the
HOM interference use single photons and follow the original
proposal, it has also been investigated extensively with other
quantum systems. In this section, we will discuss the cases of
plasmons, phonons, atoms, and electrons.
A. Plasmons
Using plasmons as quantum carriers has been an increas-
ingly popular field in quantum science that pushed forward
the advantages of light-matter interactions at the nano-scale
and investigates its quantum physical features. So-called sur-
face plasmon polaritons (SPP) are the quanta of the surface
plasma wave, analog to photons in the electromagnetic field.
Their theoretical prediction dates back to the 1950s; how-
ever, the experimental investigations in the quantum realm
has only been started recently (for a more detailed review
about quantum plasmonics, we refer the interested reader to
[176, 177]). Because SPPs are described as quasiparticles
with a bosonic nature, they were also expected to bunch in
a HOM-type experiment. While first experiments involving
HOM interference only tested the persistence of the indistin-
guishability when photons are coupled to plasmons and back
to photons [178, 179], actual plasmonic bunching was ex-
perimentally observed in 2013 [180]. The experiment was
performed in very close analogy to integrated photon exper-
iments using plasmonic waveguides to guide the plasmons to
a dielectric bi-directional coupler acting as the 50:50 beam
splitter (see Fig.8a). At first, photon pairs were generated
from a SPDC source, which were then transferred to SPPs
and brought to interference. After mixing on the beam split-
ter, the plasmons were directly detected using on-chip super-
conducting single plasmon detectors. Analog to photon ex-
periments, the arrival time of one plasmon at the beam splitter
was scanned by means of a photonic delay line while the co-
incidence counts were registered. Although the observed dip
had only a visibility of 0.43±0.02 (see Fig.8b) and thus be-
low the classical limit of 0.5, the result is a nice indication of
a two plasmons quantum interference. Moreover, soon after
this initial demonstration, different experiments using differ-
ent plasmonic configurations, and off-chip photon detection
schemes achieved visibilities far beyond the classical limit up
to 0.95 [183–186], thus fully certifying the quantumness of
the two plasmon interferences. Moreover, in another recent
study, it was shown that the usually deleterious losses associ-
ated with plasmonic systems might be turned into a advanta-
geous feature when the nanostructures are carefully tuned. At
the plasmonics beam splitter, anti-coalescence or non-linear
absorption can be observed [187]. Since two plasmon HOM
interference is now well-established, it can be considered one
of the building blocks of future quantum plasmonic circuits,
and first studies to apply it in more complicated schemes, e.g.
to generate entanglement [188], have been performed.
B. Phonons
In addition to photons and plasmons, there are other quasi-
particles resulting from a quantum mechanical description of
excited modes, e.g. phonons that are the quantized exci-
tation of mechanical motions. Phonons also follow Bose-
Einstein statistics, and as such they are expected to bunch
in a HOM-like arrangement. Recently, such a two-phonon
interference effect has been observed involving two trapped
ions [181]. In the experiment, the excitations of the ra-
dial modes of the trapped Ca+ ions served as the phonons.
After cooling the ions to the ground state, a two-pulse se-
quence brought the ions to an excited state followed by a re-
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FIG. 8. Non-photonic HOM interference. HOM interference with
plasmons (a,b from [180]), phonons (c,d from [181]) and collective
excitations (e,f from [182]). a) Two plasmons are excited by two
single photons, brought to interference by a waveguide beam splitter
and detected on chip by a superconducting detector. b) The coinci-
dence counts between the two detectors as a function of the delay of
one input photon show the expected HOM dip. c) Two phonons are
excited on each site of a two-ion crystal and are allowed to hop to
the neighboring ion. After a specific time t corresponding to a 50-50
beam splitter, the phonons are only found at one of the two ions. d)
Phonon coincidence deduced from the read-out of the internal state
as a function of waiting time until the read out is performed. The
red vertical line depicts the time of 50% hopping probability. e) Rb
atoms were collectively excited into two different Zeeman levels and
coupled through a stimulated Raman pulse. If pulse length corre-
sponds to a 50:50 coupling, the excitations are bunched together. f)
Coincidence measurements of the two different excitations show a
clear dip for multiple of pi/2 coupling ratios.
initialization back to the ground state leaving phononic exci-
tations at both ions. A subsequent time period with no laser
irradiation allowed the phonons to hop to the neighbouring
ion. Finally, a read-out pulse filtering states of phonons at
two different ions was applied. For waiting times when the
hopping probability of the phonons was 50%, bunching was
observed (see Fig. 8c and d). Although the statistical signif-
icance of the fidelity was too small to exclude classical ex-
planations with certainty (0.52±0.03), the experiment opens
the path to phonon quantum information experiments, such
as boson sampling or entanglement generation in larger ion
crystals, relying on a phononic HOM interference. A nice ex-
ample recently demonstrated a quantum walk with phonons
implemented in a trapped ion crystal [189].
C. Collective atomic excitations
In the previous paragraph, excitations of atoms were used
to generate phonons in an ion crystal in a controlled manner.
However, collective excitations have also been tested with re-
spect to interference effects in a recent experiment using a Rb
ensemble [182]. By using the Rydberg blockade, two distinct
collective excitations in different Zeeman levels have been
generated. Using a stimulating Raman pulse that acts as a
beam splitter, the excitations can be interfered and bunched
together in either of the two Zeeman states (see Fig. 8e). A
final Raman readout pulse leads to an emission of the two
photons. Similar to photonic experiments, bunching was con-
firmed through a dip with a visibility up to 0.89±0.06 in the
correlation measurements of the two photons (see Fig. 8f) by
varying the distinguishability and splitting ratio.
D. Atoms
So far, we have only discussed quasi-particles, i.e. quan-
tized excitation of photonic, plasmonic or phononic modes.
However, following quantum mechanics, even massive parti-
cles should be able to exhibit two-particle interferences. In
fact, two recent experiments, both using very different ap-
proaches, have shown exactly this: a two-atom HOM interfer-
ence. In one experiment, two laser-cooled Rb atoms trapped
in an optical tweezer were perfectly controlled in all inter-
nal and external degrees of freedom, thereby making them
indistinguishable [190]. By careful tuning the position and
depth of the tweezers, the bosonic atoms were allowed to tun-
nel between the two traps. After a specific amount of time, a
50% probability of tunneling of the atoms to the neighbouring
trap can be realized (see Fig. 9a). The resulting probability
of finding two indistinguishable atoms in one trap exceeded
the probability for distinguishable atoms by 6 standard devia-
tions, which can be considered a clear indication for bunching
of massive systems. Shortly after this initial step, these re-
sults were extended to a complex quantum walk of atoms in a
two-dimensional optical lattice [191].
After this HOM experiment with trapped single atoms, an-
other experiment was performed using metastable 4He atoms
released from a Bose-Einstein condensate (BEC) consisting
of around 5 × 104 atoms [192]. At first, a moving optical
lattice was superimposed on the BEC, which induced a scat-
tering of the atoms along the vertical direction (see Fig. 9b)
through a process similar to optical spontaneous four-wave
mixing. The scattering led to a beam of twin-atoms at two
different velocities that moved apart under the influence of
gravity. A few hundred microseconds later, another optical
lattice imposed Bragg diffraction on both beams to swap their
velocities and bring them back together. Finally, when the two
trajectories met again, a last grating imposed a 50:50 beam
splitter operation on the twin atoms and enabled the interfer-
ence. Using a micro-channel plate to detect the falling atoms,
the cross-correlation between the two detected velocities, i.e.
the two output channels of the beam splitter, was measured
while changing the time of the last grating, i.e. the splitting ra-
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FIG. 9. Atomic HOM interference. a) Two single atoms were
trapped in an optical tweezer and made indistinguishable by ground
state cooling. Inset shows a camera picture of the atoms. Coupling
between the trapping potentials allows for a tunneling probability of
50%. Since the first two cases cancel out each other, the atoms bunch
and are always found in one trap (taken from [190]). b) HOM exper-
iment with a twin-pair source of 4He atoms. The twin-pairs are pro-
duced by imprinting optical gratings leading to a four-wave mixing
process, beam reflection and splitting. With the help of multichannel
detectors, spatio-temporal imaging and momentum distribution mea-
surements were performed. c) Measured cross-correlation between
atoms found in different output ports depending on the time between
mirror and beam splitter, i.e. their distinguishability (b and c taken
from [192]).
tio. Again, the results show a clear dip in the cross-correlation
measurements with a visibility of 0.65±0.07, which is above
the classical limit of 0.5 and as such a proof for atomic bunch-
ing [193]. While both experiments show impressive results
for atomic HOM experiments, future research in this direction
could enable multi-particle interferences, entanglement oper-
ations and quantum information tasks [194, 195] known from
the mature field of quantum optics.
E. Electrons
Finally, it has been shown that not only bosons but also
fermions in the form of electrons can interfere in an HOM-like
arrangement. The major difference between indistinguishable
bosons and fermions is that the latter obey Fermi statistics,
which leads to anti-bunching at a beam splitter. Fermionic
two-particle interferences are a manifestation of the Pauli
exclusion-principle. The first such interference was studied in
1998 with a constant stream of colliding electrons produced in
a two-dimensional electron gas [196]. A small gate finger in
the centre of the scattering area enabled the tuning of the split-
ting ratio to around 50% transmission. Due to anti-bunching,
a reduction in the noise properties of the output ports was
observed; thus, an indirect verification of two-electron anti-
bunching was achieved. However, because these initial find-
ings used a continuous stream of electrons, the interference
might not exclusively be interpreted as a result from the over-
lap between two single-electron wave packets. Recently, this
deficiency was resolved by an improved experiment, using
two separate sources of single electrons emitted from a trig-
gered quantum dot [197, 198]. By applying a voltage pulse to
the dot with an energy far above the Fermi level, single elec-
trons are generated followed by the emission of a single hole
[199]. The electrons are emitted into chiral edge states and
propagate along the edges of a two-dimensional electron gas
in the quantum Hall regime. The electronic beam splitter is
realized by a narrow constriction, also called quantum point
contact. As single coincidence detections are not possible, the
correlation noise properties at the outputs were studied and
found to be below the random partition noise, i.e. classically
expected noise (see Fig. 10a). If one electron is delayed, the
noise properties change such that a Pauli-dip (analog to the
HOM-dip for coincidences measurements) of around 50% of
the classical noise level was observed. Following these ex-
periments, the HOM interference was further applied to study
an electron gas in the integer quantum Hall regime at a filling
factor of 2, where a charge transport along two co-propagating
edge channels with opposite spin occurs [200].
FIG. 10. Electronic HOM experiments. a) Two quantum dots
(source 1 and 2) emit single electrons into chiral edges states in a
two-dimensional electron gas. A quantum point contact acts as a
50:50 beam splitter. b) The joint measurement of the noise proper-
ties (labeled as correlation ∆q) are found to be lower than classically
allowed due to anti-bunching of the electrons; thus, a Pauli-dip ap-
pears if the delay between the two electrons is zero at the beam split-
ter (a and b taken from [199]). c) Two levitons are emitted into a
electronic gas by applying a Lorentzian pulse to two opposing con-
tacts. d) Again, noise properties corresponding to correlation mea-
surements reveal anti-bunching depending on the delay between the
two emissions (c and d taken from [201]).
16
Interestingly, electronic systems also permit the genera-
tion and manipulation of quasi-particles, so-called levitons.
A leviton is the quantized minimal excitation of the elec-
tronic Fermi sea in a conductor for which no hole is gener-
ated. Compared to the electron described above, which can
be seen as energy-resolved sources, levitons can be described
as a time-resolved excitation. They are triggered by a well-
adjusted Lorentzian voltage pulse during which only a posi-
tive energy boost is given to the Fermi sea. Although such
electronic quasi-particles have been predicted a long time ago
[202, 203], they have been observed and even brought to two-
fermionic quantum interference only recently [201]. After
the emission from two ohmic contacts into a two-dimensional
electron gas, levitons propagate through a quantum point con-
tact that acts as a 50:50 beam splitter. From the noise mea-
surements, a g(2) value up to 1 was deduced if both levitons
were emitted simultaneously, which is a signature for anti-
bunching. Because levitons are propagating with less distur-
bance, the visibility of the interference is significantly higher
than the one of the electronic HOM interference described in
the last paragraph (see Fig. 10b)). This feature also led to an
intensive study of levitons in the quantum regime [204], for
example by investigating the temperature dependence on the
indistinguishability [205] or by performing quantum tomog-
raphy on an electron [206].
IX. CONCLUSION
Two-photon interference is fundamentally interesting be-
cause it has no classical counterpart, with many applications
ranging from precision measurement and state determina-
tion to quantum computations and quantum communication.
In metrology, two photon interference allows for femtosec-
ond and even attosecond time-resolution, state determination
(quantum state analysis), and generating non-classical light
for resolution enhancement with linear optics. In quantum
state analysis, it gives the possibility to distinguish between
modes, since only indistinguishable states will bunch. In par-
ticular, two-photon interference enables the measurement of
maximally entangled states through Bell states measurements,
or equivalently, the projection onto the Bell basis. Indeed,
Bell state measurements are central to the concepts of tele-
portation and entanglement swapping. In quantum communi-
cation, it can be used to circumvent the problem of untrusted
measurement devices, and build novel protocols. In quantum
computation, the interaction between two photons is often re-
quired to create the building blocks of certain quantum gates,
for example CNOT and CZ gates. Two-photon interference
acts as the linear optical solution to this challenge, and thus
provides a scalable technique to build photonic quantum com-
puters. Two particle interferences is not only the basis for
most of optical quantum information science and a powerful
tool for metrology and other fields, but it has also led to many
fundamental demonstrations in non-photonic systems such as
plasmons, phonons, atoms and electrons. Moreover, it still
inspires physicists to study its connection to novel systems
such as quantized spin waves, i.e. magnons [207], Bogoli-
ubov quasiparticles [208], massless Dirac fermions in topo-
logical insulators and graphene [209] or to transfer the idea to
analog situations, e.g. with bright solitons [210].
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